Forests have played a vital role in the socio-economic development of Nepal with their productive, protective, and bio-esthetic functions. Stand height-diameter as well as volume estimation is very critical in forest management. This research modelled height-diameter relationship as well as tree volume for Teak (Tectona grandis), a well-known tropical hardwood species, in central lowland Nepal. Data was collected from a Teak plantation site in Sagarnath Forest Development Project (SFDP), Nepal. Forty-four trees representing different diameter classes were felled. The diameter at breast height (dbh) and height (H) of the trees ranged from 6.1 to 58.9 cm and 6.1 to 26.1 m, respectively. Several height-diameter models were fitted and evaluated for certain training and validating criteria. The height-diameter equation of , performed well and was selected to be the best model for H prediction from dbh. Also, the volume equation of was selected as best fitted equation, using dbh and height as independent variables. The height in this volume equation was to be calculated from selected height-diameter equation to predict height. The equations developed are the first of their kinds officially documented for Teak species in central lowlands of Nepal.
Introduction
Teak (Tectona grandis L.f.) is a very important and valuable multipurpose tropical hardwood tree species of south and south-east Asia. The natural distribution of the species ranges from India to Burma, Laos and Thailand (Hansen et al., 2015) . Teak plantations have been set up in large scale throughout the world both within and out of its natural distribution. At present, teak is one of the major planted tree species in Indonesia, tropical African countries like Nigeria, Ghana and Ivory Coast, South and Central American countries like Panama, Costa Rica, Brazil and others . It has been widely used for furniture, ship building, carved-wood products and residential constructions. The strength, durability, and ease of working without cracks are some properties that make teak so popular among the regions for forestry plantations. In Nepal, the government initiated teak plantations in Chiliya of Rupandehi district in 1960 followed by a large-scale plantation in Sagarnath Forestry Development Project (SFDP), Sarlahi district and Ratuwamai Project, Jhapa district (Thapa and Gautam, 2005) . In SFDP, teak forms a major component of the plantations, (Eucalyptus comaldulens is being the next); and has been able to meet almost half of the demand for teak within the nation. 
Description of
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Teak is a tropical deciduous tree species, belonging to the family-Verbenaceae and order-Laminales. Teak is naturally found in a wide range of climatic conditions and its natural habitat spans approximately 27.9 million ha. The species grows well in the regions having rainfall and temperature ranging from 900-2,500 mm and 17°-43°C, respectively (Die et al., 2012) . Soils also vary from acidic to fertile alluvial. Such huge variation in growing conditions can result in diversity within the growth features and other tree characters such as form, mode of branching, flowering pattern and wood quality. For example, the mean annual volume increment (MAI) of teak plantations can range from 2 to > 15 m 3 ·ha -1 . The MAI of natural stands ranges from 2-8 m 3 ·ha -1 and for plantation this rate could potentially be doubled due to artificial fertilization and irrigation (Zahabu et al., 2015) . Furthermore, the rotation age can vary from 20 years in fertile plantations up to 40-80 years in state held plantation. Stump planting is the most common form of tree propagation. However, dibbling of seeds and tissue-cultured plants have also been practiced in the past (Kaosa-ard, 1998).
Height-diameter and volume models
Height (H) and diameter at breast height (dbh) are the most important measures of tree growth and their relationship is useful in determining site-index, calculating tree volume, evaluating site-quality and predicting future growth of the stand (Jayaraman and Zakrzewski, 2001; Wagle and Sharma, 2012) . These equations can also help in predicting H from dbh, as Hs are often sub-sampled due to the difficulty in measurement (Coble and Lee, 2011) . Various models describing the height-diameter relationship of different tree species have been modelled in the past (Lappi, 1997; Trincado and Burkhart, 2006; Sharma and Parton, 2007; Budhathoki et al., 2008; Coble and Lee, 2011) .
Despite the increasing use of biomass and density, volume is the most widely used traditional measure for tree quantity. In forest management, tree heights and dbh have been used to estimate the total and merchantable tree volume. These parameters are preferred due to the ease of acquiring data and the relative accuracy provided by methods employing them. Volume models that are able to quantify tree volume are necessary if trees are subjected to fell for commercial uses (Mugasha et al., 2016) . They are also employed to forecast volumes of other stands having similar conditions. There have been many developments of volume equations since the chronological development of forest measurements and this trend has highly increased after development of computers and sophisticated data analysis mechanisms (Weiskittel et al., 2011) .
Although, more than 300 volume and height-diameter equations have been developed in South Asia till 2014 (Sandeep et al., 2014) , no such volume equations for teak in Nepal have been documented . In SFDP, volume equations for Eucalyptus species were prepared about a decade ago. Hence, this study has made an attempt to create a suitable height-diameter equation as well as localized and generic volume equations for teak in the central lowland, Nepal. The results can be used by district foresters as well as private land owners to make sound decision for better management of teak plantation.
Materials and Methods
Study Area
Due to legal restrictions to cut large number of teak trees in Nepal, Sagarnath was the only site within central lowland of the nation which could support research activities of this scale. The field study was carried out at a teak plantation site of SFDP in Sarlahi district, Nepal during the summer of 2014 (Figure 1 ). The total area of the project is 13,512 ha, of which plantations comprised of 11,796 ha; natural forest-395 ha; protected forest-706 ha; and water bodies-615 ha. The project has engineered massive plantation of Teak and Eucalyptus since its establishment in 1980s (Mandal et al., 2013) .
The lowland forest of Nepal, characterized as "Terai-Duar Savannas and Grasslands" eco-region, has an estimated volume of 68.91 million m³, with around 240 million trees (≥5 cm, dbh) and stand density of 583.40 trees·ha -1 (FRA/DFRS, 2014). The major forest type in the region comprised of mixed hardwood tropical forest with the dominant species being Shorea robusta G. f. (91.72 m³·ha -1 ). The lowland region of Nepal extends from 80°4'30" to 88°10'19" east longitudes; and from 26°21'53" to 29°7'43" north latitude. The elevation ranges from 60 to 330 m above mean sea level and the region has a gentle slope. This region of Nepal is characterized by hot summers (35° to 45 °C in April/May) with excess down pouring and dry winters (10° to 15 °C in January). The average annual rainfall is from 1,130 to 2,680 mm (FRA/DFRS, 2014).
Figure 1:
The location of the study site in Sagarnath Forestry Development Project, Nepal.
Data
Twelve sub-compartments (stands) from the study sites spanning over a total of 100 ha were selected for conducting this research. A preliminary inventory analysis was carried out to examine the variation in H, dbh, and volume of trees for the study sites. The average tree density and dbh for the sub-compartments were 344 trees·ha -1 and 35 cm, respectively. The number of samples was then determined ensuring that it represented the whole forest, and all size variation within each sub-compartment. Forty-four trees without observable defects and abnormalities were randomly selected for destructive sampling. Candidate trees excluded those that were open grown, edge of the sub-compartment, and diseased. The dbh of trees were measured at the height of 1.3 m, before felling. All branches were removed from the main stem (bole) and the total length of the main stem was measured. The height of the stump was set at 0.10 m from ground level for all trees felled. Total length of the felled tree added with tree top height gave total tree height. Stump height was not added for volume estimation. Number of trees sampled in different dbh and height classes is presented in Table 1 . Felled trees were then cut to 3 m logs lengths, depending upon the height of the individual tree. Diameters (at top, middle and bottom) and length of each section were measured. Volume of each log section was calculated using Newton's equation (equation 1), as it was regarded more representative compared to Huber's and Smalian's equations (Husch et al., 2002) . Tree tops were considered as cones and the volume was calculated using respective equation (equation 2):
Where, Vlog and Vtree top-volume of log section and tree top, respectively; AB basal area at the bottom of the log section; AM-basal area at the middle; AT-basal area at the top; r-bottom radius of tree top; and L-length of the log section/ tree top.
Total stem volume of a single tree was the sum of volume for all sections and tree top, excluding stump. Out of 44 trees, 31 (70 % of the data) were randomly selected to build the model, while 13 trees (remaining 30 %) were set aside for analyzing the performance of the model.
Statistical Analysis
Before developing the volumetric model and establishing height-diameter relations, scatter plots were used to check whether the relationships between transformed independent and dependent variables were linear. For the training data set, the goodness of fit statistics for models such as significance of parameter estimates, coefficient of determination R², and standard error were assessed. Different transformation models were developed and compared; however, natural logarithmic transformed models were selected (Parresol, 1999) . The logarithmic transformation equalized the variance over the entire range of volume component and satisfied the assumptions of linear regression (Spruge, 1983; Basuki et al., 2009; Kizha and Han, 2016) . Multi-collinearity was tested using a tolerance value greater than 0.1 and variance inflation factor less than 10.
Models were also subject to validation after training. There are different approaches for model's validation. The first one is the re-sampling technique in which the model developed is fitted on to a new set of independent data (Bi and Hamilton, 1998) . Another approach would be the use of two independent data sets representing the same area, one set can be used for training and the other for validation. A similar technique was employed in this study by dividing the data collected into two random groups of certain percentages, which was adopted for this study. Validation was mainly carried out to test the predictive capacity of the models. For this, the difference between observed and predicted values was also considered. The best-fitted models on both stages i.e. training and validation were selected for predicting H from dbh, and volume from dbh or dbh and H. The models were tested using ordinary least square and non-linear least procedure from nlstools package in R (Baty and Delignette-Muller, 2015; R Core Team, 2016) . Four criteria were evaluated during model validation procedure (Table 2) . 
Results and Discussion
Summary of Tree Data
The summary statistics of tree data (Table 3) showed that mean dbh for training data set was 27.91 cm, while it was 27.85 cm for validation data. The maximum height of the teak tree in whole data was 26.10 m. Although the data was grouped into two sets the average statistics of both sets had no significant difference for all three variables (p<0.05). dbh -diameter at breast height; and H -height of the tree excluding stump height
Height-diameter Relationships
The initial observation of the scatter plot diagram of H against dbh for all 44 trees showed a non-linear relationship existing between them (Figure 2 ). Previous models developed for tree species in different parts of the world also showed similar trends (Calama and Montero, 2004; Sharma and Yin Zhang, 2004; Sharma and Parton, 2007; Sharma, 2009 ). The nonlinear models were developed having dbh as the independent variable and H as dependent variable. Model H1 incorporated dbh and squared value of dbh as independent variables; whereas H2 included a single independent variable of natural logarithm of dbh. Model H3 used dbh and natural logarithm of squared value of dbh as independent variables; while two independent variables -natural logarithm of dbh and squared value of dbh were used in model H4 (Table 4) . 
H = a + b× dbh + c (dbh)² H1 H = a + b× ln (dbh) H2
H = a + b× dbh + c × ln (dbh)² H3
H = a + b × ln (dbh) + c (dbh)² H4
In the height-diameter models, H is total height of tree excluding stump height; dbh is diameter at breast height at 1.3 m. height above ground; a, b and c are parameters to be estimated; ln(dbh) and ln(dbh)² are natural logarithm of diameter at breast height and its squared value respectively; and H1, H2, H3 and H4 are the candidate height-diameter models. The goodness of fit statistics was obtained for the four height-diameter models. All parameter estimates of models H1 and H2 were significant at 95% confidence level (Table 4 ). The R² values of all four models were comparatively higher (from 0.907 to 0.928). Except H1, more than 91% of height variability were described by all three models (adjusted R² > 0.91). Validation of the models for height was carried out using 30% validation data set. Comparing the root mean square error RMSE, model H4 gave the lowest value of 1.45 followed by models H3, H2 and H1 (Table 5 ). As the bias percent for the validating data set were very low, it was not regarded for factoring the best model. Comparing the AIC values, model H2 showed least value of 52.72. Based on the given four criteria and significance of parameter estimates, model H2 was regarded as best model for height estimation from dbh.
To find out best model, all models were again analyzed from graphical examination of residual plots ( Figure 3 ) and predicted heights laid over observed heights (Figure 4) . The results from residual plot analysis showed model H2 performed well compared to other models (Figure 3b ). The analysis of observed and predicted heights showed that in model H1 heights started decreasing when dbhs were higher than 55 cm (Figure 4a ). Except than model H1, all remaining three models showed similar trends of height increment. However, model H2 was considered best fitted in graphical analysis. Hence, with lowest AIC value and all significant values of parameter estimates, model H2, that has natural logarithm of dbh as independent variable, was considered best height-diameter equation for height estimation from given dbh of teak trees in central lowland, Nepal. The selected height-diameter equation i.e. model H2 was compared with two famous height-diameter equations: (a) Weibull equation (cited in (Zeide, 1993) ); and (b) Chapman (1961) (Chapman, 1961); and Richards (1959) (Richards, 1959 ) (cited in (Peng et al., 2001) ). The observed versus predicted plot was prepared from the height-diameter equations ( Figure 5 ). The graphical analysis showed that the prediction of height from model H2 was similar to that of Chapman and Weibull models for dbh up to 60 cm. However, it overestimated the height of tree above 60 cm dbh range ( Figure 5 ). Although, there were no trees above 60 cm dbh in sample data, some trees above that range were observed in the study area.
Figure 5: Graph of teak model (denoted by blue line) compared with Chapman (Chapman, 1961) and Richards (Richards, 1959 ) (denoted by red line), and Weibull (cited in (Peng et al., 2001 )) (denoted by black line) models for predicting total height of the teak trees in meter ( Y-axis) against dbh (diameter at breast height) in cm (X-axis).
Volume Equation
In volume models, total volume of the bole (stem) can be predicted using dbh only or using both dbh and H. Tree form is also often used for volume prediction along with former two variables. However, tree forms were not accounted for this study. Based on the observation from scatter plot diagrams between volume and dbh, as well as volume and H (Figure 6 ), several volume models were created. For the selection, the models that were previously developed for different species including teak in different regions were reviewed (Cordero and Kanninen, 2003; Gautam and Thapa, 2007; Perez, 2008; Chaturvedi and Raghubanshi, 2015) . Several linear and non-linear volume models were reviewed for the study. The most common six volume equations were selected (Table 6) . Among selected models, V1 was in the equation form having dbh as a single independent variable. The model V2 included dbh and squared value of dbh, while model V3 had dbh and product of dbh and H (observed height in this case), as two independent variables. The last two models were slightly different as both of them had modelled height (H*) from model H2, instead of observed height. 
In six candidate volume models, V is the total volume of the tree above stump height in cubic meter; dbh is the diameter in centimeter at a breast height of 1.3 meter; ln (dbh)² is natural logarithm of squared value of dbh; H is the total observed height of the tree in meter; H* is the modelled height from selected best height-diameter model (model H2) in this study; and a and b are parameters to be estimated; and V1, V2 and V3, are candidate volume models.
Evaluation criteria as mentioned in Table 2 were tested for best fitted and validated volume equation. All parameter estimates of model V5 were only significant at 95% confidence interval among six candidate models (Table 7) . The R² values for all models ranged from 0.949 to 0.993. More than 94% of the variability in volumes were well described by all six models (adjusted R² > 0.949). Models V2, V4, V5 and V6 showed somewhat similar and lower RMSE values. Biases for all models were lower than 0.0001 and were not considered for evaluation. The AIC values for all models were comparatively very low. The volume equations were further subjected to graphical analysis of residual plots ( Figure 7 ) and scatter plots of predicted and observed volumes from given dbh (Figure 8 ).
The results from residual plot analysis showed models V4 and V5 performed well compared to other models. The analysis of observed and predicted volumes showed all models except V5 gave negative values of volume for some dbh. Volume, sometimes cannot be explained by simple models that only utilize dbh or height. It can be justified as some growth models are useful only for certain height and diameter levels and cannot perform well in absence of attributes like stand density and site quality, which significantly affect height-diameter relationships (Newton and Amponsah, 2007; Sharma and Parton, 2007; Sharma and Yin Zhang, 2004; Sharma, 2009; Temesgen and v. Gadow, 2004) . The height for model V5 was calculated from best height-diameter model H2 from this study. Based on significance of parameter estimates as well as predicted values, model V5 was considered best model to estimate volume from given dbh and modelled height.
The first model V1 is the simplest one using only dbh as independent variable. It was considered as local volume equation of teak in that particular area. The comparison of models utilizing measured height (models V1, V2, V3 and V4) with models using modelled height (models V5 and V6) showed somewhat similar results in terms of R² and adjusted R². Using modelled height instead of actual observation can make measurement and prediction a lot easier. Forest landowners can easily apply any models with only one variable to measure. 
Limitations and scope of study
The height-diameter equation and volume equations were developed for central lowland, Nepal. The application of these equations in other places should be performed cautiously. Less number of trees were felled for data analysis due to difficulties in destructive sampling. Variables like quadratic mean diameter, stand basal area or trees per hectare and form factor were not included during model construction, which could be considered for future studies. Such measures might possess complexity in data generation, model formulation and evaluation, but could yield stronger conclusion.
Conclusions
Teak trees from an important part in plantation forest of lowland, Nepal. Four height-diameter relationship equations and six tree volume estimation equations were fitted in observed data from the study site. The equation utilizing natural logarithm of dbh (diameter at breast height) was considered to be best model to predict Height in terms of fitness and validation characteristics. Similarly, the localized equation only using dbh to predict tree volume was selected for estimating volume of teak trees in Sagarnath area, whereas the equation using dbh and modeled height from the best selected height-diameter equation was considered to be applicable generic model for volume estimation. We believe that these models would be appropriate to be used in lowlands of Nepal and similar eco-region for teak species.
